Abstract-This paper aims to analyze the choice of the guard interval (GI) length in PLC systems to optimize the achievable throughput under power and symbol error-rate (SER) constraints. In general, the GI length is chosen so that there is no interference, i.e. the GI length is greater than or equal to the channel impulse response length. However, many previous works have shown that in PLC systems, this GI choice is inefficient in terms of achievable throughput. Indeed, shorter GI evidently results in inter-symbol interference (ISI) and intercarrier interference (ICI), but the gain offered by shortened GI may exceed the loss caused by interference. In this paper, we propose a simple solution for the GI length adaptation in PLC systems to optimize the achievable throughput.
I. INTRODUCTION
Recently, in-home power line communication (PLC) has received a lot of attention from both the industry and research community. Thanks to its simple installation that does not demand further infrastructures, PLC has been considered as an efficient medium to distribute multimedia contents for inhome networking. To avoid interference with many radio applications that already exist in the band from 0-30 MHz such as amateur radio, urgency and military services, a spectral mask has been specified for PLC systems [1] , [2] . To adapt to the spectral mask, the IEEE P1901 standard uses the Windowed-OFDM instead of the conventional OFDM technique [2] .
In many previous works such as [3] , [4] , [5] , [6] , [7] , it has been shown that the choice of a GI length equal to the channel impulse response length is inefficient in terms of system throughput. When we insert a GI length equal to µ, the transmission rate is reduced by a factor of
T0 T0+µ
where T 0 is the OFDM symbol length. The bit-loading and statistical GI adaptation for PLC systems has been studied in [4] , [5] . However, this allocation is based on the conventional OFDM while, as mentioned above, PLC systems exploit the Windowed-OFDM instead of the conventional OFDM. Moreover, the power allocation in [4] , [5] is sub-optimal. Actually, the discretized bit-loading can be achieved with lower power consumption compared to the approach in [4] and the residual power could be exploited to increase data rate or/and transmission quality. GI design for maximizing the achievable throughput for Windowed-OFDM systems is considered in [6] . Unfortunately, the power allocation strategy in [6] is also sub-optimal. Recently, another work for joint GI adaptation and power loading based on the interference calculation for the conventional OFDM systems has been reported in [7] . Several approaches to search for the upperbound of the achievable throughput have been studied in [7] but no practical solution of the achievable throughput maximization problem with low-complexity has been given. In this paper, we use the reduced complexity algorithm proposed in [8] to optimize the achievable throughput for a given GI length and compare the achieved throughput for different GI lengths to choose the optimal GI length. Moreover, based on the simulation results, we propose a simple way to determine the optimal GI length.
The organization of the paper is as follows. In Section II, the throughput maximization problem in Windowed-OFDM based systems is shown and a conventional solution is discussed. In Section III, we propose a simple algorithm to choose the GI value that maximizes the achievable throughput. Simulation results are reported in Section IV. The conclusions are given in Section V.
II. ACHIEVABLE THROUGHPUT OPTIMIZATION PROBLEM
In this work, we consider a Windowed-OFDM system with L used subcarriers out of M , a roll-off interval of the filter at receiver RI and a guard interval GI defined as in [8] . Let A be the set of allowable number of bits associated to allowable modulations specified by the standard and T d be the down discretization function defined as
The problem of bit, power and guard interval adaptation to optimize the throughput is to find GI = µ and power allocation vector P so that
are the channel gain, the power allocated, the interference power (due to the central limit theorem, it can be considered as a Gaussian noise [9] , [10] , [11] ) and the noise power on active subcarrier m. W (µ) is the interference power coefficient matrix and Γ is the SNR gap [12] . For further details about W (µ) calculation, interested readers can refer to [8] .
Indeed, problem (2) can be solved by using the conventional Greedy algorithm, which is a popular tool for discrete optimization problems [13] , to evaluate the achievable throughput 2 for different GI values and choose the optimal one. We recall that in the conventional Greedy algorithm, to optimize the achievable throughput given a GI value, at every iteration and for each subcarrier, we have to calculate the power required to load up one bit. The subcarrier associated to the minimum required power and such that all power constraints are satisfied is chosen to be loaded up. In [8] , it is shown that the complexity to calculate the power after adding one bit on a subcarrier is equivalent to an inversion of a matrix of size LxL. Thus, the total complexity for one iteration in the conventional Greedy algorithm is the product of the number of subcarriers that can be loaded up and the complexity of a matrix inversion. Due to its important complexity, the conventional Greedy algorithm can not be used in practical systems.
To reduce the computational cost, in [8] , we have proposed the Reduced Complexity Algorithm (RCA). Its principle consists in the simplification of the cost function (which is used to determine the subcarriers to be loaded up) in the Greedy procedure, the use of a judicious initial bit vector different from the null one used in the conventional Greedy approach and the efficient selection of K subcarriers to load up at every iteration. The main advantage of the RCA is that it can converge to almost the same achievable throughput as the one obtained by the conventional Greedy algorithm while it significantly outperforms the conventional Greedy algorithm in terms of complexity. Unfortunately, even when RCA is used instead of the conventional Greedy algorithm, the complexity of a brute-force search for the optimal GI value remains high. To further reduce the complexity, we propose here two methods to search for the optimal GI value.
A. Comparison of the simplified brute-force search and the iterative branch-and-bound search to determine µ opt Let us denote by τ max the maximum delay of in-home PLC channels that is about 5.56 µs [4] . Note that the optimal GI search interval in PLC systems is [RI, τ max + RI]. The first method deals with a simplified brute-force (SBF) search, i.e. we only take into account the discretized GI values µ = RI + l∆ (∆ = 0.2µs) and µ ≤ τ max + RI. We have demonstrated that the throughput obtained with this method is about the same as the optimal one obtained with the full bruteforce search, i.e. the throughput degradation is less than 0.5%. However, for the sake of paper length, we do not show the proof here. Second, we exploit the iterative branch-and-bound (BnB) search proposed in [7] for the interval [RI, τ max +RI], i.e. at every iteration, we try to exclude the values of µ such that the upper bound of their achievable throughput is less than or equal to the best achievable throughput value found so far. The throughput and complexity comparisons between the SBF and the BnB are illustrated in Fig. 1 and 2 . For the sake of visibility, we only show the simulation results for 20 channel realizations out of 250. We can see that the throughput obtained by the SBF search is the same as the one achieved by the BnB. However, the BnB search significantly reduces the complexity w.r. determine the optimal GI value is 18 for BnB and 28 for SBF and the average run-time per iteration is about 130 seconds for BnB and 110 seconds for SBF.
B. Linear regression to calculate GI length
In the literature, many works have claimed that it is better to let the small taps 'escape' the GI [14] , [15] . In other words, when the tail of CIR contains only little energy, we can choose a GI shorter than the length of CIR to improve the achievable throughput. In this paper, we evidence and exploit a statistical linear relation between µ opt and τ 95 +RI, where τ 95 denote the interval that contains 95% of power of the CIR. We compared in Fig. 3 µ opt and τ 95 + RI obtained by the iterative branchand-bound search.
We observe that µ opt < τ 95 + RI and that both evolutions are quite identical. Hence, we propose two models to fix the value of µ based on τ 95 : the first model imposes µ = τ 95 +RI and the second one considers the linear approximation µ = 
III. SIMULATION RESULTS
The simulation parameters are given as follows:
• SISO-PLC system with the IEEE P1901 standard.
• T 0 = 40.96 (µs), RI = 4.96 (µs).
• A = {0, 1, 2, 3, 4, 6, 8, 10, 12}.
• P max (m) = 1 (normalized to the spectral mask at P mask = -50 dBm/Hz), ∀m ∈ [1, L]. In this paper, we only take into account the spectral mask constraint P (m) ≤ P max (m) that is usually used in PLC systems. It means that the total power constraint is not considered in this work.
• Γ = 4.038, corresponding to SER = 10 −3 .
• Channel impulse response h(t) is obtained by the Inverse
Fast Fourier Transform (IFFT) of the frequency response of Tonello model and truncated at τ max = 5.56 µs [16] .
• Noise model: Background noise (Esmailian model) [17] .
• Number of channel realizations: 250. In this section, a performance comparison between the following approaches is shown:
• Proposed approach: use the one of two models of linear regression µ = τ 95 + RI (model 1) and µ = α(τ 95 + RI) + β (model 2) where α = 1 and β = −0.33. • Conventional approach: µ = τ max + RI to ensure entire interference absorption.
• PLC standard approach: use a GI value in a predefined GI set to fully eliminate interference. The GI set used in the IEEE P1901 standard is [5.56, 7 .56, 9.56, 11.56, 15.56, 19.56, 47.12] µs. For the visibility, we only illustrate in the figures the simulation results for 20 channel realizations out of 250. Figures 5  and 6 show the GI values obtained with different approaches and the corresponding achievable throughput, respectively. We can see that our proposed approach (both proposed models) always chooses more judiciously the GI value than the conventional approach and the approach used in the IEEE P1901 standard. Thus, the achievable throughput obtained by our proposed approach is always higher than the ones achieved by the conventional and IEEE P1901 standard approaches. In addition, this achievable throughput is almost the same w.r.t the optimal one, obtained by the iterative branch-and-bound search or by the simplified brute-force search. However, the complexity (expressed through the number of iterations) of our proposed algorithm is significantly reduced because we don't need any search. Note that in the SBF as well as the BnB search procedures, for one iteration (with a given GI), we have to calculate all entries of the interference power coefficient matrix W and exploit the RCA in [8] to optimize the achievable throughput corresponding to this GI value. Thus, since our proposed approach doesn't need any search procedure, thus it will strongly reduce the computation cost of the GI adaptation. The maximal, minimal and average values of the throughput obtained with different approaches are given in Table I . We observe that in all cases, both proposed models outperform by 10% the conventional and standard approaches. In addition, when compared to the iterative branch-and-bound or simplified brute-force search, the throughput degradation is negligeable (0.6% for the first model and 0.3% for the second one). As mentioned above, both proposed models significantly reduce the number of iterations, i.e. no iteration versus 18 iterations (in average) for the BnB search and versus 28 iterations for SBF search. This confirms that both proposed models can be used to calculate the quasi-optimal GI value.
Finally, the joint optimization problem of GI adaptation and bit-loading in PLC systems can be solved by using the concatenation of the proposed GI models and the RCA algorithm. It means that first a GI value can be found with the proposed models and then the RCA algorithm is used to derive the optimal bit/power allocation. The complexity of this concatenation is mainly due to the RCA algorithm. However, let us recall that its complexity is significantly reduced as compared to the conventional greedy algorithm [8] .
IV. CONCLUSION AND PERSPECTIVE In this work, we have proposed two statistical models to adapt the GI length to optimize the achievable throughput in Windowed-OFDM systems. Both models rely on a statistical relation between the optimal GI value and τ 95 , i.e the interval that contains 95% of the power of the channel impulse response. The efficiency of the proposed models has been verified through simulation results in the context of PLC systems, i.e. its complexity is significantly reduced with negligeable degradation in terms of achievable throughput as compared to many approaches such as brute-force search and branch-and-bound search. Moreover, a combination of the proposed models and the greedy based reduced complexity algorithm proposed in [8] can be used to solve the joint optimization problem of GI adaptation and bit/power allocation in Windowed-OFDM systems. The future work will aim to find a set of predefined GI values based on proposed statistical models to reduce the overhead due to the feedback information and test the proposed approach with practical channel estimation.
